Accurate and timely analysis of plutonium in spent nuclear fuel is critical in nuclear safeguards for detection of both protracted and rapid plutonium diversions. Gamma spectroscopy is a viable method for accurate and timely measurements of plutonium provided that the plutonium is well separated from the interfering fission and activation products present in spent nuclear fuel. Electrochemically modulated separation (EMS) is a method that has been used successfully to isolate picogram amounts of Pu from U in nitric acid matrices. With EMS, Pu adsorption may be turned "on" and "off" depending on the applied voltage, allowing for collection and stripping of Pu without the addition of chemical reagents. In this work, we have scaled up the EMS process to isolate microgram quantities of Pu from matrices encountered in spent nuclear fuel during reprocessing. Several challenges have been addressed including surface area limitations, radiolysis effects, electrochemical cell performance stability, and chemical interferences. After these challenges were resolved, 6 µg Pu was deposited in the electrochemical cell with approximately an 800-fold reduction of fission and activation product levels from a spent nuclear fuel sample. Modeling showed that these levels of Pu collection and interference reduction were not quite sufficient for direct Pu detection by gamma spectroscopy. The main remaining challenges are to achieve a more complete Pu isolation and to deposit larger quantities of Pu for successful gamma analysis of Pu. If gamma analyses of Pu are successful, EMS will allow for accurate and timely on-site analysis for enhanced Pu safeguards.
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Introduction
The accurate and timely detection of plutonium during reprocessing is important to nuclear safeguards. Currently, detection of Pu in spent fuel is accomplished by both non-destructive analysis (NDA) and destructive analysis (DA). NDA measurements, such as hybrid K-edge densitometry (Ottmar and Eberle 1991) , are rapid since they require little to no sample preparation. However, hybrid K-edge densitometry does not provide isotopic data and the instrumentation is very expensive. Also, NDA methods are less precise than DA methods, such as mass spectrometry, and are therefore less sensitive to protracted diversions of Pu. Mass spectrometry, however, requires laboratory-based separations and is therefore not cost-effective or timely, making it less sensitive to detection of rapid material diversion.
There is still a need for more rapid and precise methods for material accountability. Electrochemically modulated separation (EMS) is being investigated as a relatively straight-forward method for at-line separation coupled with NDA as a means to reduce the risk of rapid and protracted diversion of special nuclear material.
EMS is a flow-through separation method that could be placed at-line with a reprocessing stream to isolate Pu and enable at-line radioanalysis (e.g., low-energy gamma spectroscopy). EMS may also be used to isolate Pu prior to mass spectrometry analysis and increase the sample through-put for DA. A diagram of the envisioned system is shown in Figure 1 . EMS has been demonstrated for both uranium and plutonium at an anodized glassy carbon working electrode (WE) (Pretty, et al. 1998; Clark, et al. 2006; Duckworth, et al. 2008; Green et al. 2009 ). Both U and Pu have the greatest affinity for oxidized surfaces, such as anodized glassy carbon surface, in the +4 oxidation state (Schwantes 2002) . For Pu, the +4 oxidation state is maintained at an oxidizing potential; for U, the +4 oxidation state is maintained at a reducing potential. Therefore, separation of U and Pu readily occurs even though they adsorb by very similar mechanisms. A diagram of the Pu EMS process is shown in Figure 2 . EMS is often employed in-line with inductively coupled plasma mass spectrometry (ICP-MS) supporting process diagnostics and method development. In this case, the Pu counts increase as a volume, concentrated in Pu, is released. A transient peak is observed (Figure 2 , bottom) since Pu is released into a smaller volume then that from which it was collected, effectively pre-concentrating the analyte. EMS experiments were performed to selectively separate Pu from spent fuel using only electrochemically driven redox reactions. Spent fuel is a very complex matrix and several challenges were encountered including matrix effects, cell stability, and radioloysis of Pu that affected the oxidation state and therefore the Pu separation. Each challenge has been at least partially addressed and results are encouraging with respect to the potential for success in a hybrid, at-line NDA method for material accountability measurements.
Methods
Cell Design
Pu EMS was accomplished in a 15 × 13 × 6 cm membrane isolation cell (MIC) (Figure 3 ). The unique features of the MIC are the surface area, allowable flow rate, and the anion-exchange membrane (400 µm thick) which serves to isolate the opposing electrochemical reactions that occur on the counter electrode (CE). Because the anion-exchange membrane is permeable to anions but not cations, it allows for good charge mobility between the counter and working electrodes. At the same time, the positively charged Pu ions and counter electrode corrosion products were confined to their respective areas. By using the membrane to isolate the counter electrode, the dead volume of the cell was decreased, giving improved deposition kinetics and efficiencies. The exposed area of the anodized glassy carbon working electrode (WE) is approximately 45 cm 2 and the volume approximately 0.6 mL with a 130 µm gasket. A reference electrode (RE) is housed in the counter electrode. A counter electrolyte (1.0 M NaCl) circulated through the cell between the membrane and the counter electrode. A flow equal to the sample flow was maintained for the counter electrolyte. The constant flow served to equalize pressure on both sides of the membrane, renew the counter electrolyte, and prevent the build-up of gases.
Experimental Set-up and Procedures
EMS experiments were performed by two different methods: (1) in-line with ICP-MS and (2) off-line fraction collection and analysis. The experimental set-up for an inline analysis is shown in Figure 4 . This experimental design was useful for near realtime analysis. The ICP-MS used had an inductively coupled plasma time-of-flight mass analyzer (ICP-TOF-MS) which allowed for monitoring of all sample components simultaneously and in real-time. Most experiments were performed in an off-line configuration in which fractions were collected and analyzed. These experiments were accomplished by injecting 1.0 mL of U or Pu solution in 0.3 M nitric acid into the MIC with the appropriate accumulation potential applied (+1.1 V for Pu, −0.2 V for U). Samples were spiked with Ho (non-adsorbing and not redox active) in order to normalize Pu and U counts later in the mass spectrometry measurements. The sample was followed by a rinse with neat 0.3 M nitric acid. The volume of the cell effluent collected was usually 10 mL. Once the accumulation fraction was collected a new collection vial was used and a stripping potential was applied to the working electrode (−0.2 V for Pu, +1.1 V for U). Another 10 mL of cell effluent was collected for the strip fraction. These two fractions were analyzed by mass spectrometry, along with a control, which was a sample injected into the cell at open-circuit potential. Deposition efficiency was calculated by the difference in the normalized counts of Pu in the control and the normalized counts of Pu in the accumulation fraction divided by the normalized Pu counts in the control.
Spent Fuel Preparation
The spent fuel sample ATM-109 was a thin wafer, approximately 1 cm in diameter by 2 mm thick weighing 1.05 g, cut from a spent fuel rod, including the cladding. The wafer was dissolved in 5 mL of hot 12 M HNO 3 . After 2 h of heating the solution was allowed to cool overnight, then diluted to 14.5 mL with deionized water. The undissolved cladding was removed. A 0.1 mL aliquot of the dissolved spent fuel solution was taken and diluted to 5 mL. This 50-fold diluted stock was used to make all successive spent fuel dilutions.
Progress in Testing Dilute and Concentrated Dissolver Solution (Tasks 2 and 4)
Initial experiments efficiently separated Pu-244 from neat solutions or simulated spent fuel. Optimization of the cell parameters, such as flow rate, gasket thickness, anodization time, anodization medium, and counter electrolyte concentration, were performed using uranium as a surrogate. When the optimized parameters were used in neat solutions and simulated spent fuel, deposition efficiencies for Pu were typically near 70%. However, the exact same parameters gave near 0% deposition efficiencies when used with real dilute spent fuel samples.
Four dissolver solution tests were performed in the course of the project, with significant challenges being addressed after every test (Table 1) . However, sufficient progress for observable Pu separation was not observed until the fourth dissolver solution test conducted in December 2012. Three issues were believed to be possible reasons for the poor Pu deposition: (1) matrix effects, (2) cell stability, and (3) the initial plutonium oxidation state. After the first dissolver solution test, the cell stability was targeted as a likely reason for poor Pu deposition. During uranium separation experiments, the cell always lost 100% of its separation efficiency over several hours. It had appeared as though leaving the cell idle or without flow for more than 20 minutes accelerated efficiency loss. Because the cell stability problem could not be immediately resolved, the second dissolver solution test was performed very quickly without allowing the cell to sit idle in attempt to work around the degrading efficiency.
Poor Pu deposition was observed again in the second dissolver solution test, therefore a simulated spent fuel solution analysis was revisited to isolate a possible matrix effect. No strong matrix effects were uncovered that could account for the 0% deposition efficiency of Pu. However, matrix effects could not be completely ruled out because the exact elemental composition of the spent fuel was not known.
It was between the second and third dissolver solution tests that an aluminum counter electrode was tested. The aluminum counter electrode, in the place of stainless steel, provided improved stability in the cell performance, fully resolving that particular problem for the third dissolver solution test.
With matrix effects partially ruled out and the cell stability problem resolved, the initial Pu oxidation state was highly suspect. Therefore, the third dissolver solution test was designed to highlight the Pu oxidation state problem. A Pu-244 spike was added to the spent fuel. The Pu-244 in the spike had been tested and was known to deposit, therefore, it was assumed to be Pu , which will not deposit at positive potentials. The results of the experiment showed that Pu-244 spike accumulated with 70% efficiency while the dissolver solution Pu failed to deposit at all. This result suggested strongly that the main problem for poor Pu deposition was the Pu oxidation state. However, matrix effects could still not be ruled out. For example, an interfering ion forming an intermetallic compound with Pu, preventing Pu deposition, may give the same result if the formation of the intermetallic compound was kinetically slow.
In the fourth dissolver solution test, an attempt was made to chemically reduce the Pu using hydrogen peroxide. The result, which showed approximately 20% deposition of Pu, demonstrated that the Pu oxidation state was in fact the reason for limited Pu deposition. In addition, the result also suggests that the problem can be resolved, although improved reduction efficiency is desired.
Matrix Effects
Due to the complex matrix of the dissolver solution (Table 2) , matrix effects were immediately suspect as potential problems. There are two mechanisms by which dissolver solution components may interfere: competitive binding and coordination.
Ions that co-deposit with Pu will compete for binding sites. Ions that coordinate with Pu in solution will prevent depostion if the coordination is stronger than the bond between Pu(IV) and the anodized glassy carbon surface of the WE. In order to test the effects of other ions on Pu deposition, a simulated spent fuel solution (simfuel) was prepared per a recipe in the literature (Tomiyasu and Asano, 1998) . The simfuel represented an approximately 3,000-fold dilution for all components except for uranium, which was 300,000 times less than the actual spent fuel stock at 238 ppb, or 1 µM for 238 U. The simfuel components and their concentrations are listed in Table 3 . In the initial experiment uranium was tested for matrix effects since U is naturally occurring and therefore more readily available at high concentrations where the effects were more easily observed. When the deposition profiles ( Figure 5 ) of neat uranium in 0.3 M HNO 3 and simfuel were compared, the interference was apparent, but not severe. Figure 5 shows the flow injections of 238 ppb uranium in the two matrices in-line with the ICP-TOF-MS. Upon application of the deposition potential, approximately 50% of the U is adsorbed on the anodized glassy carbon, resulting in a 50% drop in the MS signal. The signal then begins to rise with an increase in the break-through of U, which is due to the decrease in free binding sites as the electrode surface approaches saturation. With the simfuel, the saturation occurs more quickly because of the competition for binding sites between U and those ions that co-deposit (namely Ru, Rh, Pd, Zr, Mo, Re, and Te).
Furthermore, the amount of U injected has an effect on the interference from the simfuel components ( Figure 6 ). For up to 3 µg of U injected, the simfuel components have no discernible effect. However, when more than 3 µg of U is injected, deposition efficiency for the neat U and the simfuel begin to diverge.
Based on Figure 5 and Figure 6 , it may be inferred that the matrix effect for U deposition is due to competitive binding. In Figure 5 , the initial drop in signal for both matrices is the same and the divergence only occurs as the electrode becomes saturated. If the interference occurred due to intermetallic coordination, there would be a difference between the two matrices as soon as the deposition was initiated. Likewise, in Figure 6 , an intermetallic coordination interference would have affected any amount of U injected, not just at trace levels. ; 5, 10, 20, 35, and 50 mL were injected.
Fewer simfuel components deposit under conditions favoring Pu compared with the conditions that favor U. This is not surprising since U deposits at negative potentials. Many transition metals can be electrochemically deposited in elemental form by application of negative potentials. Because there are fewer metals that co-deposit with Pu, the simfuel components were expected to have less of an interfering effect on Pu. In an off-line experiment, this effect was proven. A neat solution of 100 ppt Pu deposited with 70 ± 10% efficiency and 100 ppt Pu in simfuel also deposited with 70 ±10% efficiency. However, higher concentrations of Pu may not be as resilient against competitive binding since more Pu will require more binding sites.
Individual simfuel components were also tested for interference with Pu deposition at higher concentrations-10 ppm, compared with 100 ppt for Pu-a 100,000-fold excess (Figure 7) . The only obvious interference was Zr, while Rb, Sr, and Ba may have also shown a slight interference. None of the simfuel components were found to interfere with Pu deposition at the 1 ppm level, which is a better approximation of the levels expected in the working spent fuel solution. It is interesting that some ions, such as Mo and Re actually appeared to increase Pu deposition efficiencies. This may be due to an intermetallic compound that forms on the glassy carbon surface, and require further investigation. It is important to be aware of these observed matrix effects in future spent fuel experiments. Matrix effects may be a concern with high concentrations of spent fuel. However, they clearly could not account for the near-zero percent deposition of Pu observed in the first three dissolver solution tests. The cell stability, on the other hand, was a problem capable of diminishing deposition efficiency to zero.
Cell Stability
Prior to the first dissolver solution test, it had been observed that the MIC deposition efficiency for uranium would always decrease to zero after less than 12 hours. Sometimes the decrease seemed random, but usually it occurred after the cell was not in use for more than 20 minutes. In contrast, the small electrochemical cell routinely used for picogram amounts of Pu typically operates efficiently for months and hundreds of accumulations. Many attempts were made to avoid the loss of separation efficiency, including: continued the electrolyte flow, cycling cell potential, and using nitric acid as the counter electrolyte. None of these steps reduced the loss of accumulation efficiency. However, no matter how poor the MIC's performance was, it could always be regained by re-anodizing the glassy carbon working electrode. This observation led us to suspect (wrongly) that the problem was at the working electrode when it was actually in the counter electrode.
The stability problem would eventually be solved serendipitously when experimenting with alternate counter electrode materials. In order to provide a more transparent window for in situ gamma spectroscopy, aluminum had to be used for the counter electrode instead of stainless steel. When the aluminum counter electrode was used, the cell stability problem was solved (Figure 8) . Unfortunately, the benefits of the aluminum were not discovered until after the second dissolver solution test. This meant that cell operating lifetime problems could not be ruled out as a reason for the poor Pu deposition efficiencies in the first two dissolver solution tests. With the aluminum counter electrode, the MIC could withstand idle times of greater than 30 minutes. In fact, performance of the MIC would last for days without re-anodization of the working electrode (Figure 9 ) with the aluminum counter electrode. Furthermore, even if performance was lost, as in Group D in Figure 9 , when the counter electrolyte went dry, it could be regained by replenishing the counter electrolyte. Two possible reasons for the difference between aluminum and stainless steel counter electrodes were hypothesized: (1) the Fe, Cr, Ni and Mo ions from the dissolution of stainless steel were creating an interference, or (2) the conductivity of aluminum is superior to that of stainless steel. The first hypothesis was easily tested by adding dissolved stainless steel to the counter electrolyte when the aluminum counter electrode was used. No effect was observed. (Al 3+ was also added to the counter electrolyte when the stainless steel counter electrode was used to determine whether the stability would be improved. It was not.)
Though the resistivity of aluminum alloy 7075 (3.7 × 10 −8 Ω) is lower than that of 316 stainless steel (7.5 × 10 −7 Ω) (Eddy Current Technology Incorporated), the difference is not so great that it can account of the difference in behavior of the two counter electrodes. Even though stainless steel has 20 times greater resistivity, both aluminum and stainless steel have very low resistivity and should be acceptable counter electrodes based on the text book values. However, the electrochemical behavior does indicate a much greater uncompensated resistance, R u , in the MIC with the stainless steel counter electrode compared with the aluminum counter electrode (Figure 10 ). The greater R u manifests itself as lower current in a cyclic voltammogram if it becomes significant enough to affect the applied potential according to Eq. 1.
E actual is the actual potential bias at the working electrode, E applied is the potential setting for the working electrode according to the potentiostat, and i is current. As seen in the equation, with any non-zero current, if the uncompensated resistance is high, the potentiostat setting and the actual potential can differ significantly. When E actual << E applied , the current will also be very low because the working electrode never achieves much greater than open-circuit potential in the most extreme case. This is what appeared to be happening when the stainless steel electrode was in used in the MIC. One way to compensate for the high resistance is to apply a current rather than a potential. While potential is affected by high R u , current is not. Therefore, when a potential is applied and a current is measured, the measured current is correct but the applied potential is incorrect. However, in chronopotentiometry, a current is applied and a potential is measured (Figure 11 ). Therefore, with high R u , the applied current will be correct but the measured potential will be incorrect. U and Pu deposition are affected only by what is applied and not by what is measured. Using chronopotentiometry instead of chronoamperometry, the MIC performance was the same with both counter electrodes ( Table 4 ). The only difference was that the potential measured for the stainless steel electrode was much greater with the same current applied, as shown in Figure 11 . Table 4 . Deposition efficiencies for U in the MIC with stainless steel and aluminum counter electrodes using chronoamperometry and chronopotentiometry.
URANIUM DEPOSITION EFFICIENCY, % Method
Stainless Steel Aluminum Applied Potential 6 ± 1 63 ± 7 Applied Current 72 ± 5 61 ± 7
Chronoamperometry-applying a potential and measuring a current-may be used successfully with the stainless steel counter electrode. Using Figure 11 , we have estimated the set potential required to apply the proper actual potential. For example, when the MIC with the aluminum electrode was at −0.2 V (the deposition potential for uranium) the MIC with the stainless steel electrode was at −1.2 V. Likewise, when the MIC with the aluminum counter electrode was at +1.0 V, the MIC with the stainless steel electrode was at +1.7 V. Using a deposition potential of −1.2 V and a stripping potential of +1.7 V, U deposition efficiency was 79 ± 6% for the MIC with the stainless steel electrode with no sign of time-dependent instability.
It is important to note that when −1.2 V and +1.7 V were applied with the stainless steel counter electrode in place, the actual potentials were still approximately −0.2 V and +1.1 V. Only the instrument setting was altered in order to compensate for the high surface resistance of the stainless steel counter electrode.
It is clear that stainless steel as the counter electrode for the MIC has unacceptably high resistance, while the aluminum counter electrode resistance is tolerable. The difference in resistivity cannot be explained by the bulk resistance of the two materials. The reason for the difference must then be in the surface resistivity.
Both stainless steel (Okamoto 1973 ) and aluminum (Britton and Evans 1930) form an inert metal oxide layer on their surfaces. In most applications, the inert film is a useful feature because it prevents corrosion. However, in electrodes, the film acts as a passivating layer that increases resistivity of the electrochemical cell, which was observed with stainless steel.
The lower resistivity of the MIC with the aluminum counter electrode is due to the corrosive nature of the 1 M NaCl electrolyte. As chloride is more corrosive to aluminum than to stainless steel, aluminum's inert metal oxide layer was stripped away more easily than the inert metal oxide layer on stainless steel. The ability of an anion to corrode aluminum is related to its ability to penetrate the -Al 2 O 3 film. Britton and Evans found this order of anion penetrating ability (from highest ability): Cl . Using just the top three anions in the counter electrolyte for the MIC with the aluminum counter electrode showed a dramatic difference in cell conductivity (Figure 12) . Furthermore, the order of penetrating ability corresponded well to the MIC's ability to separate uranium when different anions were used in the counter electrolyte ( Figure 13 ). Chloride by far showed the best U deposition response. Phosphate and nitrate in the counter electrolyte virtually eliminated the MIC's ability to separate uranium since aluminum was able to build up its inert oxide layer in those media. . Figure 13 . Effect of the counter electrolyte on U deposition efficiency of the MIC with the aluminum counter electrode. All electrolytes were the sodium salt and 1 M.
The ability of the MIC with the stainless steel electrode to regain performance after polishing and re-anodizing the glassy carbon electrode may also be explained by inert metal oxide film characteristics. It was not the glassy carbon working electrode treatment that caused the reversal, but the drying of the stainless steel counter electrode. While the glassy carbon was polished and anodized, the stainless steel counter electrode sat on the bench in open air and dried. At this time, the surface would lose adsorbed water to evaporation. The adsorbed water, when present, had provided a buffering effect against corrosion by chloride ions (Okamoto 1973) .
When the cell was reassembled, the chloride ions in the counter electrolyte would attack the inert film, keeping the electrode conductive. However, after some time, enough water would be adsorbed to provide the necessary buffering to allow the stainless steel surface to regenerate the inert metal oxide layer again. Therefore, it was actually adsorption of water that caused the high resistivity of the MIC with the stainless steel counter electrode, along with the inability of chloride to penetrate the inert oxide film. Acidic chloride may have been able to break down the stainless steel's inert oxide layer and provide cell stability; however, HCl was never used as a counter electrolyte. A noble metal as a counter electrode would also certainly provide cell stability since noble metals do not form oxide layers. A deposited thin film of platinum or rhodium would be ideal.
One question remains largely unanswered, and that is why the MIC with the stainless steel electrode appeared to lose performance when it was not in use. The reason may have to do with the flow rates and potentials applied to the cell. Higher flow rates and potentials may have temporarily prevented water from adsorbing. However, these conditions probably only slowed the formation of the inert film and not prevented it. In experiments where the cell was not used for U separation, but the flow rates and potential applications were maintained, good performance was not maintained.
In conclusion, by using the aluminum counter electrode in the MIC, the cell demonstrated excellent stability over the course of several days. Using the aluminum counter electrode in the third dissolver solution test, we could be confident that the cell was performing properly even though the deposition efficiency for spent fuel Pu was 0%. This dissolver solution test also included a spike of Pu-244 which was collected with 70% efficiency. Therefore, the Pu in the spent fuel clearly had some difference from the Pu-244 in the spike. The most likely difference was the initial Pu oxidation state.
Pu Oxidation State
EMS of Pu depends on Pu existing in the +3 or +4 oxidation state. The electrochemical mechanism by which Pu deposits on the anodized glassy carbon is:
[S] is the glassy carbon substrate to which Pu adsorbs. Pu 4+ has the greatest affinity for the anodized glassy carbon surface, while Pu 3+ has a very low affinity to it (Schwantes 2002 , it does not undergo electrochemical accumulation.
Radiolysis by alpha radiation is known to cause oxidation of Pu in solution (Rykov, et al. 1979) . The mechanism by which this occurs in a nitric acid medium is shown in Eq. 4 -5. 
Alpha particles react with nitrate ions creating NO 2 radicals, which oxidize Pu
4+
. The reaction has several variables including Pu concentration, nitric acid concentration, internal dose ( I ), and time (t). Rykov, et al. developed an equation (6 -8) based on experimental data describing the oxidation state distribution of any given Pu solution.
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When we apply this equation to our spent fuel solution, we observe that all the Pu in that solution is most likely in the +6 oxidation state (Figure 14) . The results of the mathematical model were consistent with the lack of Pu deposition for all but the Pu-244 spike in the third dissolver solution test. Pu-244 did not get oxidized when it was added to the spent fuel solution, because the spent fuel had been diluted 50,000-fold when the spike was added.
A noteworthy feature of Figure 14 is that oxidation to PuO 2 2+ is more complete at less concentrated spent fuel samples. This is due to the decrease in plutonium concentration. At high concentrations, Pu undergoes disproportionation reactions that result in an equilibrated solution with some Pu 4+ remaining (Rykov, 1979) . Hence, for the fourth dissolver solution test, we worked with the assumption that the Pu would have to be reduced before EMS could be performed. Fortunately, this is not a difficult feat and it may be accomplished chemically or electrochemically. As mentioned previously, PuO 2 2+ may not be directly reduced to Pu The electrochemical reduction method either requires two electrochemical cells in-line, or a second pass through the same cell for EMS. If it can be made 100% efficient, the electrochemical method is most desirable since no chemicals need to be added to the spent fuel. Electrochemical reduction is also the most rapid reduction method; the chemical reduction methods require several hours and electrochemical reduction requires several minutes or less. Speed of reduction will be particularly important with concentrated spent fuel where radiolysis is constantly occurring. Still, there are also chemical reduction methods that are easier to implement in the shortterm.
PuO 2
2+
is reduced by hydrogen peroxide in 3 M nitric acid (Maillard and Adnet 2001) (Eq. 10) or by Fe(II) (Eq. 11) (Newton 1975 
In order to test these reduction methods with neat solutions, it was necessary to produce an oxidized solution of Pu. This was done chemically with AgO (Eq. 12) (Taduchi, et al. 2011) . was produced by addition of 1 mg AgO to 100 ppt Pu in 3 M HNO 3 . Pu was accumulated at +1.1 V and stripped at −0.2 V.
Although 100% reduction efficiency has not been achieved electrochemically, the electrochemical method is more efficient than Pu reduction by hydrogen peroxide (Figure 17) Ultimately, the electrochemical reduction method would be used for spent fuel analysis, but the cell and procedure still need to be optimized. However, hydrogen peroxide as a reduction agent was used in the fourth dissolver solution test since the procedure could be implemented without additional equipment. The test achieved 18 ± 3% deposition efficiency of Pu from spent fuel. The fourth dissolver solution test was the first to indicate that a significant amount of Pu in the spent fuel had accumulated on the anodized glassy carbon. A control in which no H 2 O 2 was added was also analyzed as a comparison. From that solution, 3.6 ± 0.7% Pu accumulated. The two results are dissimilar with 98% certainty.
While the 18% deposition efficiency is far from the > 50% deposition efficiency typically achieved with neat Pu solutions, it does highlight the true problem that has in the past prevented deposition of Pu from spent fuel. With the problem now identified, progress can be made. Furthermore, 18% deposition efficiency is consistent with the 20% reduction efficiency of PuO 2 2+ by H 2 O 2 that was observed with neat solutions. Greater reduction efficiencies were observed with electrochemical reduction which was used in the gamma spectroscopy experiment later.
In summary, very low deposition efficiencies for Pu have been observed in dissolver solution tests. However, the problem has been identified as radiolytic Pu oxidation and preliminary results indicate two solutions to the problem-chemical and electrochemical reduction-appear promising. Cell stability is no longer a problem with the aluminum counter electrode. Matrix effects remain a possible problem with more concentrated dissolver solution tests, but the matrix does not appear to affect Pu deposition from spent fuel once diluted more than 5,000-fold.
Progress in Gamma Spectroscopy (Task 5)
Ultimately, gamma spectroscopy will be used in situ for rapid non-destructive analysis of plutonium. This will be accomplished by monitoring the adsorbed Pu through the aluminum counter electrode before the Pu is stripped, or by monitoring the exit tubing after Pu is stripped. The latter detection scheme has been attempted.
Progress under this task includes monitoring of the fission products, in particular Cs-137, which gives a much stronger gamma signal than Pu isotopes. A computational model was also used to determine how much plutonium and what degree of separation would be needed for detection. Once the minimum amount of Pu needed was predicted, it was important to determine if the MIC had a sufficient capacity. Uranium was used as a surrogate for Pu to determine the capacity of the MIC. Finally, a preliminary test of the Pu EMS-gamma spectroscopy was performed with both in situ and ex situ gamma measurements.
Monitoring of Fission Products by Gamma Spectroscopy
Cs-137 was monitored in the outlet tubing with a NaI gamma detector during the second dissolver solution test to determine the rinse time required to completely remove all the fission and activation products from the MIC (Figure 18 ). The spent fuel sample was diluted 5,000-fold from the original stock. The Cs-137 peak is clearly visible in the first 5 minutes of rinsing, but was decreased dramatically after 5 minutes. After 10 minutes the Cs-137 gamma signal was indistinguishable from the background, indicating that a 10 minute rinse time is sufficient for this sample. More concentrated samples may require more rinsing. Figure 18 . Gamma spectra showing the Cs-137 peak (661.64 KeV) in spent fuel in the outlet tubing of the MIC (red trace), compared with the background spectrum (blue trace). Count time was 5 minutes. Top: first spectrum, middle: second spectrum, bottom: third spectrum.
Computational Model
Cesium is one of the most important interfering fission products for Pu gamma analysis because of its high yield, high activity and Compton scattering. Adequate separation of Cs from Pu in spent fuel will be essential for Pu gamma measurements. Figure 19 shows the effect of the cesium separation factor on gamma spectra according to a computational model. None of the Pu gamma lines are visible without separation. With a separation factor of 100, some gamma lines may be detected, but the measurement precision is much improved with a 10,000-fold separation of Pu and Cs.
The uncertainties associated with the background at various separation factors and Pu concentrations were plotted in a three-dimensional graph for . From these plots we determined that the MIC would be required to accumulate a minimum of 10 µg of Pu which would make measurement of Pu-238 possible with acceptable uncertainty (< 10%) with a 100-fold separation factor. Pu-239 would be measureable also if 10 µg were collected if a 10,000-fold separation factor were achieved. Pu-240, on the other hand, will be very challenging to measure quantitatively.
With this goal of 10 µg Pu accumulated, the capacity of the MIC was investigated. 
Cell Capacity
Pu and U are expected to adsorb to the anodized glassy carbon in a monolayer, therefore the cell's capacity is dependent on the working electrode surface area. U was used to determine the capacity of the MIC since high concentrations were required to begin to observe decreases in the deposition efficiency. By injecting 500 ppb U in-line with ICP-TOF-MS, the effects of electrode saturation were apparent (Figure 21 ). The first 3 µg of U were accumulated after 9.5 minutes with an average deposition efficiency of 63%. The last 3 µg of U required 16.75 minutes to accumulate with an average deposition efficiency of 36%. The reason for the decrease in deposition efficiency is thought to be the decrease in the number of available binding sites for U. . Potential applied was +0.4 V to 5 minutes, followed by −0.2 V to 1 h 15 minutes, followed by +1.1 V. Mass marks indicate how much U was deposited. Counts are normalized to a strip peak height of 100%.
Because there was a decrease in deposition efficiency with increased mass of U injected, the relationship between U injected and U accumulated was not linear ( Figure  22) -although it appears linear at low U concentrations. The curve fits the Langmuir isotherm model (Eq. 13) (Do 1998) . (13) Here, a is the maximum capacity of the electrode for U and b is proportional the deposition equilibrium of U on anodized glassy carbon. In the electrochemical flow cell, flow rate and cell volume (gasket thickness) also affect b. The asymptote, a, was determined to be 48 ± 12 µg U. Assuming the surface area of the MIC is 45.6 cm . Theoretically, assuming an ionic diameter for U of 2.06 × 10 −8 (Douglas, et al. 1994 ), a monolayer would be 2.36 × 10 15 , very close to the capacity calculated using the Langmuir isotherm model.
More importantly, we have shown that depositing 10 µg of material in the MIC is possible. The most material actually deposited was 14.2 µg of U, but the curve extrapolates to approximately 50 µg. It can be assumed that the capacity will be similar for Pu, since Pu adsorbs to the same binding sites. However, the deposition equilibrium of Pu may be different than U. Figure 22 . Effect of U injected on U accumulated. U concentration was 238 ppb (blue) and 500 ppb (green). Dotted line shows asymptote of fit curve and MIC capacity for U.
Gamma Detection of Pu
Gamma detection after EMS was done both in situ and ex situ with a 1:1 dilution of the 50x spent fuel stock (see section 2.3). For in situ detection, flow from the MIC was stopped after stripping Pu into a tubing coil while its contents were counted with a NaI gamma detector. For ex situ detection, fractions were collected and were counted with a high-purity germanium detector. Neither method was able to detect any Pu isotopes. However, it was apparent in the ex situ detection that the background was too high and that the rinse step should have been prolonged. Aliquots of the EMS fractions were also taken for mass spectrometry analysis which showed that Pu deposited with approximately 30% deposition efficiency. The amount of Pu injected was 20 µg, therefore, approximately 6 µg Pu deposited, just falling short of the 10-µg target. Missing this target may have also contributed to the inability to detect any of the Pu isotopes by gamma spectroscopy.
In situ Detection
The experimental set-up for in situ gamma detection is diagramed in Figure 23 . Figure 24 shows a photograph of the actual experimental set-up. The spent fuel sample was pumped first into the reduction cell then to the EMS cell. The two cells were identical except that the EMS cell's glassy carbon working electrode was anodized and the reduction cell's working electrode was not. The working electrode in the reduction cell was maintained at −0.3 V vs. Ag/AgCl to reduce PuO 2 2+ to Pu
3+
. The working electrode in the EMS cell was maintained at +1.1 V vs. Ag/AgCl to oxidize Pu 3+ to Pu 4+ which was deposited on the anodized glassy carbon working electrode. When the desired volume of spent fuel was injected, the 2-position valve was switched to the carrier solution. After a rinsing period, the EMS cell potential was set at −0.2 V vs. Ag/AgCl to reduce Pu 4+ to Pu 3+ which has little affinity for the anodized glassy carbon, causing Pu to strip into the 3-mL coil. This two-cell set-up was initially tested with a 5,000-fold dilution of spent fuel. Flow rate was decreased from the usual 1.0 mL min −1 to 0.5 mL min −1 since on-line electrochemical reduction had not been previously tested. Mass spectrometry analysis showed that Pu deposited with 30 ± 5% efficiency. This is an improvement over the chemical reduction attempted in the fourth dissolver solution test. However, we cannot say whether the improvement is due to the electrochemical reduction method or the decreased flow rate. for the gamma experiment since EMS experiments had not been done with Pu concentrations as high as 10 ppm. For the in situ gamma detection, once the plutonium reached the 3-mL coil the pump was stopped and the sample counted with a NaI detector. After 15 minutes of counting, the flow was resumed and the fraction that had been in the coil was collected for ex situ detection and mass spectrometry analysis. In addition to the Pu strip, gamma spectra were collected for the break-through and rinse steps (Figure 25 ). Compared to the break-through, the strip fraction had a much lower background, although it was still rather high, and no Pu isotope peaks were observed. However, the NaI detector may not have high enough resolution to detect Pu even under more optimal conditions. 
Ex situ Detection
After in situ gamma detection was complete, the collected fractions were sent for counting by a high resolution detector. The break-through fraction is shown in Figure 26 and the strip fraction is shown in Figure 27 with Pu peak locations marked. As with in situ detection, no Pu peaks were observed and the background was still very high in the strip fraction. From the spectra, it appeared as though there was only a 10-fold reduction of the background in the strip fraction (reduced from 10 5 to 10 4 ). However, the activity for individual isotopes had been reduced by a factor of approximately 1000 for most radioactive isotopes (Table 5 ). Even though the fission and activation products were reduced by a factor of nearly 1000, the spectra background were not reduced as much as expected for even a 100-fold separation factor based on the computational model (see Figure 19) . Therefore, more thorough extended rinse may be required.
Conclusion
The finding most important to the success of this project was that the oxidation state of the plutonium in the spent fuel was incompatible with the EMS accumulation process. Without addressing this problem, significant amounts of Pu would never be separated from the fission and activation products in spent fuel. Because the Pu oxidation state problem was unsuspected until the third dissolver solution test (in the project's final year) and not addressed until the last dissolver solution experiment for task 4, much remains to be done to address the problem sufficiently. A cell appropriate for Pu reduction needs to be designed and optimized for 100% reduction so that a quantitative spike would give a valid result.
The most important outstanding problem of the gamma spectroscopy experiment highlighted by task 5 appears to be in the adequate removal of fission and activation products. Further refinements need to be made in the cell designs to minimize dead volume and decrease rinse-out time. Pu deposition was also low at 30%, considering that the flow rate was decreased from the usual 1.0 mL min . The low deposition efficiency may be due to low reduction efficiency or the matrix effects concentrated spent fuel. Therefore, more work is required to finally accomplish a successful Pu gamma detection-EMS experiment in a fuel reprocessing matrix but most if not all the major problems have been identified.
